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INTRODUCTION 

The establishment o f  t he  Argonne Prenium Sample Bank (1 )  provides a good 
o po r tun i t y  t o  t e s t  a recent ly  developed "general" model o f  coal d e v o l a t i l i z a t i o n  
(g-4). The model, which i s  ca l l ed  "FG-DVC , combines a func t iona l  group model 
f o r  gas evo lu t ion  (FG) and a s t a t i s t i c a l  model f o r  t a r  formation (DVC). It 
assumes t h a t  t he  k i n e t i c s  o f  func t iona l  group decomposition are independent o f  
coal type, but t h a t  t he  amounts do vary w i th  coal type (5-7). The rank 
dependence o f  the  t a r  y i e l d ,  t a r  molecular weight d i s t r i b u t i o n ,  ex t rac t  y ie lds ,  
and v i scos i t y  are explained by the  rank dependence o f  CO y i e l d s  according t o  
t h i s  model (2.8). The e a r l y  evo lu t ion  o f  C02 i n  low r a n i  coals appears t o  lead 
t o  c ross l ink ing  a t  low temperatures and hence t h e n o s e t t i n g  behavior, low t a r  
y ie lds ,  and low ex t rac t  y i e l d s  (8).  

Dakota l i g n i t e  and P i t tsburgh Seam bituminous (2). 
se t  provides s i x  more coals and d i f f e r e n t  samples o f  these same two coals f o r  
comparison. 
pyro lys is  experiments were done i n  three d i f f e r e n t  reac tor  systems, as described 
below. 

The va l i da t i on  o f  the  FG-DVC model was prev ious ly  done f o r  two coals, North 
The Argonne Premium Sample 

I n  order t o  compare w i th  data over a wide range o f  condi t ions,  

EXPERIMENTAL 

Coal Proper t ies  - Elemental and u l t imate  analysis data are given f o r  the 
This informat ion was obtained e i t h e r  from e igh t  Argonne coa ls  i n  Table 1. 

Reference 1 o r  d i r e c t l y  from Karl  Vorres. 
100%. 
carbon content. 
designations. 

evolved gas analysis by Four ie r  Transform In f ra red  (FT-IR) spectroscopy. 
TG-FTIR apparatus i s  o f fe red  connerc ia l l y  by Bomem, Inc. under the  name TG/Plus. 
The TG/Plus couples a Dupont 951 TGA w i th  a Bomem Michelson 100 FT-IR 
spectrometer. The d e t a i l s  o f  the  TG-FTIR apparatus can be found i n  several 
pub l i ca t ions  (6.9,lO). Under the  present work, approximately 35 mg o f  t h e  -100 
mesh f rac t i on  o f  each coal sample was heated a t  3O0C/min, f i r s t  t o  150°C f o r  
drying, and then t o  900°C f o r  pyrolysis.  

papers (7 , l l ) .  
separation o f  24" a t  th ree  d i f f e r e n t  temperatures (700, 1100, and 1400°C). 
heating r a t e  i n  t h i s  system i s  approximately 50OO0C/s and t h e  t o t a l  residence 
t ime i s  approximately 0.5 s. 

The molecular weight d i s t r i b u t i o n  of t a r  evolved dur ing  py ro l ys i s  a t  
O.O5"C/s under vacuum t o  450 o r  500°C was determined by F i e l d  Ion i za t i on  Mass 
Spectrometry (FIMS) a t  S R I  In te rna t iona l .  
St.John e t  a l .  (12). 
determined. 

The values were normalized t o  equal 

This i s  a d i f f e r e n t  numbering system than the Argonne sample 
Note t h a t  t h e  coals have been numbered i n  descending rank order based on 

Reactors - The reac tors  used included a thermogravimetric analyzer (TG) w i t h  
The 

The entrained f l ow  reac tor  (EFR) has been described prev ious ly  i n  other 
The experiments were done a t  a s ing le  i n j e c t o r / c o l l e c t o r  

The 

The apparatus has been described by 
The t o t a l  weight loss  under these cond i t ions  was also 
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A summary o f  the  experimental condi t ions i s  given i n  Table 2. The TG-FTIR 
and FIMS experiment were done w i t h  the  -100 mesh ampoules, wh i le  t h e  EFR 
experiments were done with bu lk  samples supplied by Kar l  Vorres. 

RESULTS AND DISCUSSION 

TG-FTIR have been presented i n  a previous paper ( 6 ) .  These data showed some 
va r ia t i ons  (e.g., 15OC f o r  CH4, 6OoC f o r  t a r ,  60-90°C f o r  most oxygenates) i n  the 
peak temperatures f o r  t he  maximum evo lu t ion  ra te ,  p a r t i c u l a r l y  i n  t h e  case o f  
oxygenated v o l a t i l e s .  
species are consistent with r e s u l t s  from an e a r l i e r  programed py ro l ys i s  
experiment on ten  coa ls  (5).  However, f o r  each species, the  v a r i a t i o n  i n  the  
peak temperature w i t h  rank i s  small r e l a t i v e  t o  a) the  w id th  o f  t he  peak; b) t he  
va r ia t i ons  among species; c )  the  var ia t ions  among experiments w i t h  s i g n i f i c a n t l y  
d i f f e r e n t  heating rates;  d )  t he  t y p i c a l  va r ia t i ons  i n  t h e  data o f  d i f f e r e n t  
inves t iga tors  f o r  the  same species from the same coal. 
i n s e n s i t i v i t y  o f  i nd i v idua l  species k ine t i cs  when compared t o  these fac to rs ,  t he  
FG-DVC model assumption o f  rank independent ra tes  appears sound. 
conclusion t h a t  the  p r i n c i p a l  va r ia t i on  o f  p r o l y s i s  behavior w i t h  rank i s  due t o  
va r ia t i ons  i n  the  concentrat ion o f  funct ionar groups and hence, t he  amount o f  
each pyro lys is  product i s  a lso  unchanged. These conclusions are supported by the 
a b i l i t y  o f  the  FG-DVC model, which incorporates these assumptions, t o  f i t  
py ro l ys i s  data f o r  a wide range o f  coal types over a wide range o f  cond i t ions ,  as 
discussed bel ow. 

The complete set  o f  da ta  f o r  the EFR experiments has been given i n  DOE 
repor ts  (13). The data f o r  t he  th ree  temperatures f o r  a high rank (Pocahontas) 
and low rank (Wyodak) coal are shown i n  Figs. 1 and 2, respect ively.  The Wyodak 
coal shows a s i g n i f i c a n t l y  higher v o l a t i l e  y i e l d  ( lower char y i e l d )  which can be 
accounted f o r  by higher y i e l d s  o f  oxygenated vo la t i l es .  
in f luence o f  secondary cracking react ions above 7 O O O C  and secondary g a s i f i c a t i o n  
react ions above l l O O ° C .  A t  14OO0C, the products are c lose t o  thermodynamic 
equ i l ib r ium i n  both cases and consist  p r imar i l y  o f  char, CO, and H2. 
have been developed t o  descr ibe secondary reac t ions  (7), but these have not been 
included i n  the version o f  the  model used here, except f o r  the t a r  cracking 
which i s  pa r t  of  t he  standard FG model used f o r  reactors where the  t a r  i s  no t  
quenched (2,7). 
EFR experiments which are dominated by these e f fec ts .  

Deteminat ion  o f  Parameters f o r  t he  FG-DVC Hodel - The FG-DVC model contains 
several parameters, some o f  which depend on the  coal and one which depends on the 
experiment type. 
However, i t  should be pointed out t h a t  t h e  model i s  able t o  p red ic t  a l a r g e  
number o f  py ro l ys i s  phenomena such as the  y i e l d s  o f  i nd i v idua l  gas species, t he  
y i e l d s  o f  t a r  and char, t h e  t a r  molecular weight d i s t r i b u t i o n ,  t h e  c ross l i nk  
dens i ty  and the  v iscos i ty .  
quant i t ies  with temperature, heating rate,  residence time, and pressure i n  a 
manner tha t  agrees we l l  w i t h  experiment. 
s e n s i t i v i t y  ana lys is  are included i n  a recent paper (2). 

The f i r s t  step i s  t o  ob ta in  elemental analysis data f o r  C,H,N,O, and S. 
This i s  needed t o  cons t ruc t  a coal composition f i l e .  The next step i s  t o  
determine the  amounts o f  t h e  ind iv idua l  func t iona l  group (FG) pools (C02-extra 
1 O O S e ,  c02-1 oose , C02-ti gh t  , CH4-1 oose , e tc )  . Thi s requi  res data from a t  1 east 
two standard py ro l ys i s  experiments. The f i r s t  i s  a slow heating py ro l ys i s  

Experimental Data - The experimental r e s u l t s  f o r  these coals from the 

The va r ia t i ons  i n  the peak temperatures f o r  the  var ious 

I n  view o f  the  r e l a t i v e  

The c o r o l l a r y  

Both coals show the  

Models 

Consequently, we do not show model p red ic t ions  f o r  the 140D°C 

The l a r g e  number o f  parameters has been c r i t i c i z e d  by some. 

The model also accounts f o r  the v a r i a t i o n  o f  these 

The d e t a i l s  o f  the model inpu ts  and a 
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experiment, l i k e  the TG-FTIR experiment, which can provide good quan t i t a t i ve  gas 
y i e l d s  and d i f f e r e n t i a l  evo lu t i on  curves. 
t o  resolve the  i nd i v idua l  loose, t i g h t ,  etc. pools f o r  a given gas, espec ia l l y  
when both the  i n teg ra l  and d i f f e r e n t i a l  curves are compared w i th  t h e  model 
predict ions.  The values o f  t he  FG pools so determined are checked against a 
second py ro l ys i s  experiment done a t  h igh heating rates,  such as t h e  EFR 1100°C 
data. 
experiments. This usua l l y  invo lves  a ser ies  o f  i t e ra t i ons .  

are shown i n  Fig. 3 f o r  the major FG pools, which are CH4, C02, H20, and CO. 
These values have not y e t  been f u l l y  optimized and may change s l i g h t l y  i n  the  
fu tu re ,  but g i ve  good agreement w i t h  experiment except i n  the  case o f  H20 where 
the  data are scattered. The oxygenated species show a systematic increase w i th  
decreasing rank. The amount o f  CH4 goes through a maximum i n  the medium rank 
coals, as do other hydrocarbon species such as t a r  (see below). 

Once the func t iona l  group pools have been establ ished t o  a l l ow  a good match 
between the i n teg ra l  and/or d i f f e r e n t i a l  y i e l d  curves f o r  two py ro l ys i s  
experiments, t he  i npu t  parameters f o r  the  DVC ( t a r  format ion) pa r t  o f  the 
model are determined. The f i r s t  step i s  t o  adjust  the  average oligomer length  t o  
match the  coal ex t rac t  y ie ld .  The next step i s  t o  ad jus t  the  number o f  
unbreakable br idges ("hard" bonds) between monomer c lus te rs  t o  f i t  the  
exper imental ly observed t a r  y i e l d s  f o r  the same low and high heat ing ra te  
experiments used t o  c a l i b r a t e  the  func t iona l  group 001s. The re la t i onsh ips  
between these input  quan t i t i es  and the experimental py measured quan t i t i es  are 
shown i n  Figs. 4 and 5. The ex t rac t  y i e l d  da ta  (which were obtained frm 
Professor M i l t on  Lee a t  Brigham Young Un ivers i ty )  and the  average oligomer length  
are inverse ly  correlated. 
t a r  y i e ld .  
change. 

monomer molecular weight (Mav ) and the average molecular weight between 
c ross l inks  (Mc). The value 04 M, i s  in te rpo la ted  from the l i t e r a t u r e  data o f  
Nelson (14). 
However, the  s ize  of t he  average c l u s t e r  va r ies  s i g n i f i c a n t l y  among d i f f e r e n t  
research groups and the  reported rank va r ia t i ons  are  no t  systematic o r  c l e a r l y  
understood. 
Pocahontas where a value o f  506 i s  used. The s i g n i f i c a n t l y  higher average 
c lus te r  s ize  f o r  the  Pocahantas compared t o  the  others i s  supported by the  
ca lcu la t ions  o f  Gerstein e t  a l .  (15) based on NMR, F T - I R  and elemental analysis 
data obtained f o r  a number o f  coals. 

average pressure d i f f e rence  between the  ambient and the  p a r t i c l e ' s  i n t e r i o r  
dur ing pyro lys is .  This parameter i s  used i n  the i n t e r n a l  t ranspor t  model. The 
choice o f  dP has a s ign i f i can t  e f f e c t  on t a r  y i e l d  and the t a r  molecular weight 
d i s t r i b u t i o n  f o r  non-softening coals under most cond i t ions  except high pressure. 
For f l u i d  coals, a value of AP = 0 i s  a good approximation f o r  pressures o f  one 
atm o r  higher. The s e n s i t i v i t y  o f  the  model t o  the choice o f A P  i s  discussed i n  
a recent paper ( 2 ) .  This i s  t h e  on ly  parameter i n  t h e  model which i s  adjusted 
f o r  each type o f  experiment. The o r ig ina l  FG model also had a f i t t i n g  parameter, 
X wh'ch was u ed t o  match the  f i n a l  t a r  y i e l d  t o  account f o r  d i f fe rences  i n  
p 8 f t i c j e  slze, t ea t i ng  rate, bed depth and reac tor  geometry (2). While i t  can be 
said t h a t  we have traded one adjustable parameter, Xo,  i n  the FG model f o r  

This type o f  experiment i s  best able 

The pools a re  adjusted t o  simultaneously f i t  the  l o w  and h igh  heating ra te  

This procedure has been fol lowed f o r  the  e igh t  Argonne coals and the resu l t s  

The same i s  t r u e  o f  t he  number of hard bonds and the  
Again, these values have not been f u l l y  optimized and are subject t o  

Other parameters which go i n t o  the  t a r  format ion model are the  average 

We eventua l l y  plan t o  use l i t e r a t u r e  data f o r  Mavg as well. 

Cur ren t ly ,  we are using a value o f  256 f o r  a l l  the  coa ls  except the  

The l a s t  important parameter t o  be selected i s  the  value o f  AP, which i s  t he  
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another, 4P, i n  t h e  FG-DVC model, t h i s  i s  not exac t l y  t r u e  as the l a t t e r  model 
i s  much r i che r  i n  i t s  a b i l i t y  t o  p red ic t  a v a r i e t y  o f  py ro l ys i s  events. 
values o f  AP are more r e s t r i c t e d  than Xo and have a more fundamental basis tha t  
it i s  re la ted  t o  t h e  c o a l ' s  v i scos i t y ,  

The use o f  t h e  FG-OVC model involves several cons t ra in ts :  1) Where 
experimental data are ava i l ab le  on the s t a r t i n g  coal, such as f o r  t h e  molecular 
weight between c ross l inks  (M,-), t he  ex t rac t  y i e l d ,  o r  t he  elemental analysis, 
they are used as inputs. Addi t ional  informat ion w i l l  be incorporated as it 
becomes avai lable.  
pools are assumed t o  be i n v a r i a n t  w i th  coal type. 
pools a re  constrained t o  f i t  data from experiments a t  very  low (0.5OC/s) and very 
high (50OO0C/s) heat ing rates.  This resu l t s  i n  a model which i s  very robust i n  
i t s  a b i l i t y  t o  f i t  py ro l ys i s  data over a wide range o f  condi t ions.  
t r u e  t h a t  when enough coa ls  have been studied, a de ta i l ed  c a l i b r a t i o n  o f  t he  
model may not be needed and perhaps the  elemental analysis,  the  p a r t i c l e  s ize  and 
t h e  reactor condi t ions w i l l  be s u f f i c i e n t .  

The 

2) The k i n e t i c  parameters f o r  the  evo lu t i on  o f  the  FG group 
3 )  The amounts o f  t he  FG 

It i s  a lso  

Comparison o f  Model w i t h  Experimental Data - The model i s  compared w i th  
experimental data f r o m  the  three reactors i n  Figs. 6 and 7. 
agreement o f  t he  model is genera l l y  qu i te  good over a wide range o f  extents o f  
py ro l ys i s  and f o r  what i s  a wide range o f  coal types. A comparison i s  made 
between the t a r  molecular weight measured by FIMS and the  predicted values i n  
Fig. 8. The model p red ic ts  rank dependent phenomena, such as t h e  steep drop o f f  
i n  the  d i s t r i b u t i o n  f o r  t h e  low rank coal due t o  c ross l ink ing  events (2.8). 

Except fo r  H20, the 

coNcLusIoNs 

The conclusions f o r  t h i s  work are as fo l lows: 

0 The py ro l ys i s  k i n e t i c  data f o r  t h i s  ser ies  o f  coals support the  
assumption o f  r e l a t i v e  rank i n s e n s i t i v i t y ,  as does the  a b i l i t y  o f  t he  
model t o  f i t  the data using rank independent rates. 

There i s  a systematic v a r i a t i o n  i n  the  amounts o f  i nd i v idua l  py ro l ys i s  
gases w i t h  rank. 
rank coals wh i le  the  hydrocarbons are highest f o r  t he  medium rank 
coal s. 

There i s  a systematic v a r i a t i o n  i n  the  t a r  y i e l d  and t a r  molecular 
weight d i s t r i b u t i o n  w i t h  rank. 
rank coals.  The mean o f  the t a r  average molecular weight d i s t r i b u t i o n  
i s  highest f o r  t h e  high rank coals. The drop-o f f  i n  t h e  t a r  molecular 
weight d i s t r i b u t i o n  i s  greatest  f o r  low rank coals. 

The rank dependent phenomena are wel l  described by the  FG-DVC model 
over a wide range o f  experimental condi t ions.  

0 
The oxygenates (CO, C02, H20) are highest f o r  the  l o w  

0 
The t a r  y i e l d  i s  highest f o r  medium 

0 
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Table 1 - Elemental Analysis of Argonne Premium Coal Samples. 

Table2 - Experimental Conditions 
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Figure 6. Comparison of Model 
Predictions with Data for the 
Yields of Oxygenated Species. 
The Numbers Refer to the Coal 
Type. The Symbols Around the 
Numbers Refer to  the Reactor Type. 0 - EFR, 700"C;O- EFR, 11OO"C;A 

TGFTIR, NO Symbol - FJMS. 

0 1 2 3 4 5 6  

/ 
50 

Tar + Alipbatics 

0 1 0 2 0 3 0 4 0 5 0  

100 

80 

60 

40 

20 

0 
0 2 0 4 0 6 0 8 0 1 ~  

Measured Yields (a% daf~ 

Figure 7. Comparison of Model 
Predictions with Data for CH4,Tar Plus 
Aliphatics, and Char. The Numbers 
Refer to the Coal Type. The Symbols 
Around the Numbers Refer to the 
Reactor Type. 0- EFR, 700°C; 0- EFR, 
FIMS. 
1100°C; A - TG-FTIR, NO Symbol - 
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